Using pollen/stigma interactions as the test method and reiterated tests of anomalous results, a single s gene with sporophytic action has been confirmed in Brassica campestris, although some consistent anomalous results could indicate a second complementary gene. Five s alleles have been found in two small samples of a cultivated variety; these alleles show dominance relationships typical of the sporophytic system. A self-compatible allele s has been found, which is recessive to two alleles in both pollen and style, and dominant in the pollen but recessive in the style to the a allele lowest in the dominance series. Pollen dominance with a lower allele of the series confers a high selective value to s, under the pressure of self-pollination. The action of s also indicates that the s complex in the sporophytic system consists of at least two genes similar to that in the gametophytic system.
INTRODUCTION
IN several species of the Cruciferae including Brassica campestris L. genetic analyses indicated that self-incompatibility is of the sporophytic homomorphic type and is determined by a series of multiple alleles at the S locus (Bateman, 1955; Thompson, 1957; Sampson, 1957a Sampson, , 1958 . The presence of occasional self-compatible plants among otherwise self-incompatible populations have been reported. In cabbage (Brassica oleracea var. capitata L.) Kakizaki (1930) found a self-compatible plant which segregated in approximately 1: 1 ratio for self-compatibility and incompatibility. Bateman (1954) identified a self-compatibility allele as a member of the S gene system in Iberis amara and found it to be dominant over one S allele in the pollen. Sampson (1957b) clearly demonstrated self-compatibility in Brassica oleracea to be due to a gene separate from the S gene by the finding that 4 different S alleles and the self-compatibility segregated in the same family. Self-compatible plants were also reported in self-incompatible populations of cabbage by Thompson and Taylor (1971) and by Thompson (1972) , but they attributed this self-compatibility to other major genes outside the S-gene system and to competitive interaction between two S-alleles. The present paper describes the mode of inheritance of selfcompatibility in Brassica campestris L. var. Toria.
MATERIALS AND METHODS
Seed samples used in the present study are from a collection of Brassica campestris L. var. Toria maintained in the Genetics Laboratory of the * Permanent Address: Department of Botany, University of Rajshahi, Rajshahi, Bangladesh.
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Botany Department, University of Rajshahi, Bangladesh. The confused taxonomic status of this species has been reviewed and clarified by Wellington and Quartley (1972) , and we follow their recommendation in using this name because the material is an oil seed rape and has 2n = 20 chromosomes, but we stress that the present findings refer to two samples, named A and B by us, of the variety Toria. A number of plants were raised from some of these during the winter of 1978-79 in a glasshouse of the University College London. All plants were grown in 4 inch pots in natural daylight supplemented with artificial illumination and at temperatures ranging from 10-18°C. When the plants were in full bloom they were tested for self-incompatibility. A number of self-incompatible plants were randomly selected and were selfed by bud-pollination, and a few crosses were also made. Further studies carried out on materials involving two original samples are reported here. The first of the samples (Population A) was collected from a local field near the Rajshahi University campus during the winter of 1977-78. Twenty plants were originally sampled and seeds from each plant were kept separate, one of these being used to raise the present material. The second sample (Population B) was collected in 1974 and was maintained in an isolated block in the experimental field as an open pollinated line. Seeds from one such plant were used. The two populations were not only separated in time by three years but were separated by distance of a mile at the place of collection, and are considered to be effectively isolated.
The flowers were usually crossed during the early part of the day; in the case of self-incompatible plants, the flowers were not emasculated but when crossing self-compatible plants, flowers were always emasculated one or two days before opening.
After selfing or crossing, the stigma and part of the style, were collected 24 hours after pollination and were fixed in acetic-alcohol (1: 3). Fixed pistils were squashed in a drop of acid fuchsin-light green stain (Lewis and Crowe, 1958) and examined under a microscope. In the case of compatible pollinations numerous empty, unstained pollen grains with pollen tubes entering into the stigmatic papillae were found. But after incompatible pollination, the pollen grains either did not germinate and so were washed away or produced very short or much coiled tubes outside the stigmatic papilla. In the latter case, a few pollen grains became nearly empty and pollen tubes appeared to enter the papilla thus making observation and determination difficult. In such cases, the fluorescence technique was used.
The fixed pistils were softened in 8N NaOH for two hours, washed and stained with aniline blue and the pollen tubes observed with a fluorescence microscope (Kho and Baer, 1968) . With this technique, in many of the doubtful cases with half-germinated pollen grains, the pollen tubes were found to be growing in between the papilla rather than into the papilla. Pollinations where abundant pollen grains were empty and the pollen tubes entering into the stigmatic papilla were scored as compatible (+), pollinations with no empty pollen and no pollen tubes entering into stigmatic papilla were scored as incompatible (-) . Doubtful cases were repeated several times; in relatively few cases, where some pollen tubes (5-10) were repeatedly found to enter into the stigma, the result was scored as inter-
The importance of the pollen/stigma reaction as a reliable assay as opposed to seed set cannot be overstressed. In all cases the individuals of the families were grouped in a matrix on the results before the plants had finished flowering and exceptions to the grouping were repeated several times before acceptance (cf. Lewis, 1979) .
Experimental results from intersib pollinations of progeny families are given in checker-board diagrams, where the rows correspond to the female and the columns represent the male parents tested. In genetic interpretations, the dominance of an allele in the pollen is indicated by a dot over the allele, whereas in the stigma it is shown by an underline. Dots or underlines in both alleles indicate co-dominance or individual action.
Forty families from controlled self and cross pollinations have been examined, the fifteen reported here have been completely analysed, the remainder are not reported because they were either too small to be significant or not completely analysed for lack of time, but in no case was a family excluded from complete analysis because of abnormal or nonconforming results. incompatible plant of population A. s-genotypes (Si,i, 52.2 and 512) were assigned to the plants of each mating group assuming a one-gene sporophytic system; 2 is dominant over s1 in the pollen but co-dominant in the style. + = plants cross-compatible; -plants incompatible. All possible crosses were made and there were no exceptions. fleshy leaves; short inflorescences, flowers with often aborted anthers and bad pollen). One plant (Plant 16) was male sterile, another two (Plants 6 and 19) were partially male sterile. All the plants which flowered were found to be self-incompatible and upon inter-sib pollination gave the result summarized in fig. 2 . The pattern of inter-sib pollination here is difficult to explain on the basis of a single s gene model alone. Genotypes are tentatively assigned to 4 of the groups but the two plants Nos. 13 and 19 do not conform to a one gene basis and these two plants also divide the s3,4 group into two sub-groups.
(ii) Families derived from crosses in Population A Two families, 8/79 and 9/79, derived from reciprocal crosses between the two plants from which bud-selfed families 6/79 and 7/79 originated, consisted of 36 and 38 plants respectively. All these plants were found to be self-incompatible and the summary of inter-sib pollination results for Family 8/79 are given in fig. 3 . The results for the reciprocal family 9/79 were essentially similar to those of 8/79 as was confirmed by inter-family pollinations, so these are not given. The results can be explained by assuming segregation of two pairs of alleles, thus indicating that both the parents are heterozygous for the .c locus. This confirms the results observed for the bud-selfed Family 7/79 and indicates that though results for Family 6/79 could not be explained, the parent from which it originated by bud-selfing is heterozygous for the s locus.
If the genotype of the parent for 6/79 is assumed to be s3,4and that of the parent for 7/79 be s1,2 (as shown in fig. 3 ) the four resulting progeny 'lasses expected would be s1,3, s2,3, s and 2,4 in an expected 1: 1: 1: 1 ra'jo, the observed number of plants in the four classes for Families 8/79 and 9/79 taken together were 20, 25, 13 and 16 respectively (x2 = 4.4; P = 0.30-0.10 with d.f. = 3), there being a considerable deficiency of s4 bearingprogeny. A similar deficiency of 54 alleles is found in the selfed family 6/79, fig. 2 , indicating that the deficiency is due to a linked lethal factor. s-genotypes (513, s2,3 s1,4 and s2,4) were assigned to the plants of each mating group assuming one-gene sporophytic system and 4 s-alleles in the family. + = plants cross compatible, -= incompatible; a dot over an allele shows dominance in pollen, an underline shows dominance in the stigma. All crosses were made and there were no exceptions.
parent. Inter-sib and self-pollination results for each of the two families gave similar results; details for Family 1/79 only will be given here. There were 25 progeny plants (see table 1 for details) six of which were found to be fully self-compatible whereas the rest were fully self-incompatible. Upon inter-sib pollination, the self-incompatible plants were proved to be incompatible among themselves, but cross-compatible to the self-compatible plants both as male and as female (fig 4) . As the parent plant was self-incompatible it was assumed that the gene responsible for self-compatibility in this case is recessive.
To test whether the self-compatibility is allelic to the self-incompati- when bud-selfed produced enough seeds to raise Family 30/79 with 10 plants. When these were selfed and inter-sib pollinated, eight incompatible and two compatible progeny were observed. This can be explained by considering the self-incompatible parent (plant 21) as heterozygous for the trait as already stated above, which upon bud-selling segregated into self-compatible and incompatible in 3 : 1 ratio as in the case of Family 1/79. group on the basis of a one-gene sporophytic system and self-compatibility allelic to self-incompatibility. s is dominant over s3 in the pollen only.
The results indicate that among the 30 plants examined in the family, ten plants were self-compatible and 20 were self-incompatible. All the ten self-compatible plants were also compatible with all the self-incompatible plants both as male and female. On the other hand, when the 20 self-incompatible plants were crossed among themselves, three different mating groups were observed, ts shown in fig. 5 . The above mentioned results can be explained if the self-incompatible female parents of Family 6/79 (plants 20 and 21) are considered heterozygous, s34 (as suggested in section (ii) whereas the male parents, also self-incompatible, from Family 1/79 (plants 13 and 20) were considered heterozygous 55.c (as indicated in section (iii) above), and that s. is dominant over 53 in the pollen (other dominance relationships are given in fig. 5 ). Thus the cross involved in Family 21/79 and 27/79 can be genotypically expressed as s3,4Xs5, giving s3,5, S3,, 54,5 and S4, progeny with an expected 1: 1: 1: 1: 1 ratio which fits well to the observed numbers 12, 12, 9 and 10 respectively (both families taken together). This cross was fully incompatible, thus showing that s3 is dominant to s in the stigma. The dominance relationship between some of these six alleles in the pollen and the stigma is given in fig. 7b . 
ONE S GENE OR SEVERAL?
The establishment of 3 and 4 complementary genes for gametophytic incompatibility in the primitive families, Ranunculaceae and Chenopodiaceae (Lundqvist eta!., 1973) and 3 complementary genes in the sporophytic system in Eruca sativa (Verma eta!., 1977; Lewis, 1977) make it essential in any new work, be it with an unworked or previously worked species, to keep in mind the possibility of multigenic control. If the hypothesis of Lundqvist is accepted that multigenic systems are primitive and one-gene systems are derived by all but one of the genes becoming silent by homozygosis, then on the one hand the discovery of the silent genes would be difficult and on the other the establishment or refutation of the hypothesis could only be done by searching for these silent genes in a variety of species. It was with this background that the work on Brassica campestris was undertaken.
Of the 15 families analysed completely and described in this paper and 25 other families partly analysed, all but one conform completely to a one-gene system; the one anomalous family can be explained with an additional gene but not by pollen contamination. Full evidence for this is deferred to a later paper. In previous work on Brassica campestris one gene has been invoked to explain five small families (Sareen and Kakar, 1975) and also eight families with one exceptional family with six groups explained on pollen contamination (Richards and Thurling, 1973) . Both studies were made by the methods of siliqua formation and seed set, methods which we have found unreliable and, more importantly, with which it is impossible to repeat exceptional results. Mackay (1977) by using the fluorescence staining technique has also demonstrated an S gene with sporophytic control in B. campestris but obtained three families which were "inexplicable". There are two main reasons why we are not unequivocally able to answer the question of one S gene or many. First the probability of finding a second gene increases with the degree of diversity and the number of samples tested. The present samples were only two and are probably of similar origin at the time of introduction to cultivation. Secondly, in Raphanus sativus (Lewis, Verma and Zuberi, in preparation) there is a second gene which is active only in certain limited S allelic combinations (cf. Lewis, 1979) . The exceptional family has certain similarities to the Raphanus results and only after analysis of further generations will a clear cut answer emerge in Brassica campestris.
Is THE SELF-COMPATIBILITY GENE ALLELIC WITH THE S GENE?
Because rigorous information about the genetics of self-compatibility in species with sporophytically determined incompatibility is scanty and inconclusive, we present the results step by step with the alternative explanations:
(1) s is allelic with the s series, and the s. could be dominant or recessive depending upon the particular accompanying s alleles. (2) there is a second gene I independent of the s gene which is necessary for the incompatible matching of s alleles; the homozygote lacking this dominant gene would be self-compatible.
The I gene can be considered to be one of the silent complementary genes, specifying the recognition reaction of the presumed ancestral multigenic system, in which case the dominance of I might be conditional on the particular s allele accompanying it. Or it might be an epistatic gene necessary for a step in the synthesis of s molecules but not concerned in the recognition reaction. In this case i should be epistatic to all s alleles. The relevant results and the expectations on the two interpretations are given in figs. 8a and 8b. The genotype of the original parental plant from population A breeds true for self-incompatibility and contains two different s alleles s3 and s4 as shown by breeding tests. It therefore cannot carry an s, allele if selfcompatibility is allelic, or it cannot carry the i gene if Sc 1s non-allelic. The parental plant from population B, because it segregates for self-compatibility, must either carry an s, allele or be heterozygous Ii. The one group of self-incompatible plants obtained on selfing this B parental plant proves that only one s allele, Sc, is present. With the allelic situation, Sc is present in one dose and in the nonallelic situation in 2 doses. With the genotypes of the parental plants fixed, the genotypes of the subsequent generations follow from normal diploid segregation. The genes s and I are shown to be linked; the end result is the same if they are independent, so the results exclude a second gene be it independent or adjacent to s. It is interesting that the discrimination is obtained only from the intercross between the two populations, and further results from within the single population B could not resolve the question (cf. Bateman, 1954) .
The discrimination between the allelic and non-allelic explanation appears to be so decisive that possible variations on the basic hypotheses due to dominance and gene interactions are explored to eliminate any false The theoretical results obtained with a non-allelic gene would appear to be invariate although it is possible but unlikely, that the dominance of I over i might be conditional on the particular s allele pair accompanying it, e.g., the gene I might not be operating in the genotype 53I/55j, and this would be self-compatible. This would contribute to the generation of a family which consists of 3S1: 1SC with the 351 containing two groups of unequal size. The only possible overlap between these variations of the two hypotheses is with this conditional reversal of dominance of I with the allelic dominance I which gives 3S1 (2* groups): 1SC. The result obtained is unique to the allelic variations and cannot be confused.
Is THE S GENE A COMPLEX IN THE SPOROPHYTIC SYSTEM?
The action of the s allele in Brassica cam pestris raises the question of the structure of the s gene in the sporophytic homomorphic system. It has been generally accepted that the two other major incompatibility systems have a number of tightly linked genes which constitute the s complex, usually referred to as the s gene (Lewis, 1976; Pandey, 1967; de Nettancourt, 1977) . Some of the separate genes separate the control of recognition of the pollen and the style. The evidence for this complex has come from mutations in the gametophytic system and from rare recombinations in the heterostyled system. There is, however, no hard evidence for such an s complex in sporophytic incompatibility, for no such mutations or recombinations have been found, probably for the reason that the system does not have an efficient natural means for their selection. The most suggestive evidence for a complex of genes is the different dominance relationships of alleles in pollen and stigmas of all species studied. The action of Sc lfl Brassica campestris, by analogy with the c alleles obtained by mutation in the gametophytic systems, reinforces this suggestion. The s. allele is recessive in the stigma to three alleles, including 53, and is recessive to two of these but dominant to s3 in the pollen.
The origin of Sc is unknown except that it was found in population B; it probably arose as a functional loss mutation of the pollen-determining gene. Without the ancestral allele we cannot test conclusively for the structure of the s gene. This can be done only with an sos,, stigma showing incompatibility to pollen with the ancestral s phenotype.
How is SELF-COMPATIBILITY IN SPOROPHYTIC SYSTEMS SELECTED IN NATURE?
Mutations of the s gene to self-compatibility in the gametophytic system can be selected with high efficiency by self-pollination, and this gives a means of survival to a species when self-pollination is enforced by either the isolation of an individual plant or if it is deprived of an insect pollinator. The efficiency of the selection depends upon the gametophytic action of the s gene in the haploid pollen so that recessive s. mutants are not masked and are immediately expressed in the pollen grain. In the sporophytic system where the s gene operates at the latest in the diploid pollen mother-cell or at the earliest in the tetraploid tapetum tissue, s. mutants being recessive would not be selected by the self stigmatic tissue and to be expressed would have to be homozygous in a plant in a future generation. The present c allele offers a compromise; by being dominant over one s allele (53), which itself is low in the dominance series, it would be selected by the self stigma if the mutation occurred early in the development of an anther of the plant homozygous for s3s3. Because s is low in the dominance series homozygotes would be present in the population. The effective frequency of such mutations would depend upon the precise place of action of the s gene. If in the tapetum the mutants, to be selected, would have to occur early in the development of the anther and in this case the frequency would be low but would produce whole anthers of mutant pollen grains. If on the other hand the action is in the pollen-mother-cell the mutations would be many orders of magnitude more frequent, but each would produce only about four mutant pollen grains. In either case a dominant Sc mutation in a recessive homozygote provides a moderately efficient method of generation and selection of self-compatibility in the sporophytic system.
